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ABSTRACT
Observations of jets in X-ray binaries show a correlation between radio power and black hole spin.
This correlation, if confirmed, points towards the idea that relativistic jets may be powered by the
rotational energy of black holes. In order to examine this further, we perform general-relativistic
radiative transport calculations on magnetically arrested accretion flows, which are known to produce
powerful jets via the Blandford-Znajek (BZ) mechanism. We find that the X-ray and γ-ray emission
strongly depend on spin and inclination angle. Surprisingly, the high-energy power does not show the
same dependence on spin as the BZ jet power, but instead can be understood as a redshift effect. In
particular, photons observed perpendicular to the spin axis suffer little net redshift until originating
from close to the horizon. Such observers see deeper into the hot, dense, highly-magnetized inner disk
region. This effect is largest for rapidly rotating black holes due to a combination of frame dragging
and decreasing horizon radius. While the X-ray emission is dominated by the near horizon region, the
near-infrared radiation originates at larger radii. Therefore, the ratio of X-ray to near-infrared power
is an observational signature of black hole spin.
1. INTRODUCTION
It is widely believed that relativistic jets are powered
by the rotational energy of black holes. Blandford &
Znajek (1977) showed that magnetic field lines, anchored
in an external accretion disk, are twisted by frame drag-
ging in the vicinity of a rotating black hole. These field
lines expand under their own pressure, transporting en-
ergy outwards and accelerating any “frozen-in” plasma
into jets aligned with the spin axis. Recent general-
relativistic magnetohydrodynamic (GRMHD) simula-
tions of “magnetically arrested disks” (MADs; Narayan
et al. 2003) showed that this process can operate with
efficiencies of > 100% (Tchekhovskoy et al. 2011; McK-
inney et al. 2012). That is, more energy flows out of the
black hole than flows in, which can only be achieved by
extracting rotational energy from the black hole.
Using 5GHz radio emission from X-ray binaries
(XRBs) as a proxy for jet power, Narayan & McClintock
(2012) found a correlation between jet power and black
hole spin (but see Fender et al. 2010; Russell et al. 2013).
Their results were consistent with Pjet ∼ a2, which
is the scaling derived by Blandford & Znajek (1977)
for slowly rotating black holes. They also found good
agreement with the more accurate scaling Pjet ∼ Ω2H
(Tchekhovskoy et al. 2010, 2012), which works up to
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a ≈ 0.95. Here, a is the dimensionless spin of the black
hole, ΩH = a/2 rH is the angular velocity of the hori-
zon, and rH = 1 +
√
1− a2 is the horizon radius (we
work in units where GM = c = 1, however we occasion-
ally reintroduce factors of c for clarity). If confirmed,
this correlation provides observational evidence that jets
are probably powered by the rotational energy of black
holes.
Although it is well established that jets produce ra-
dio emission at large radii (e.g., Fender 2010), the high-
energy (X-ray and γ-ray) radiation could originate much
closer to the black hole, and so the contribution of jets
to this radiation is less certain. It has long been argued
that inverse Compton emission from a corona of hot elec-
trons surrounding the inner accretion disk can produce
the observed X-ray spectrum in XRBs (e.g., Titarchuk
1994; Magdziarz & Zdziarski 1995; Gierlinski et al. 1997;
Esin et al. 1997, 2001; Poutanen 1998; Cadolle Bel et al.
2006; Yuan et al. 2007; Narayan & McClintock 2008;
Niedźwiecki et al. 2012, 2014; Qiao & Liu 2015). How-
ever, it is also possible that a significant fraction of the
X-ray emission originates in jets (e.g., Mirabel & Ro-
dríguez 1994; Markoff et al. 2001, 2003, 2005; Falcke
et al. 2004; Bosch-Ramon et al. 2006; Kaiser 2006; Gupta
et al. 2006; Kylafis et al. 2008; Maitra et al. 2009; Pe’er
& Casella 2009; Pe’er & Markoff 2012; Markoff et al.
2015; O’ Riordan et al. 2016).
Near the black hole where the jet originates, it is not
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even necessarily easy to distinguish what one means by a
disk vs a jet due to the generically low plasma β param-
eter and inflow-outflow regions in both the disk and jet
(McKinney & Gammie 2004; McKinney 2006). Clearly,
there is much uncertainty about the potentially com-
plicated relationship between the high-energy emission,
the inner regions of the disk/jet, and the central black
hole. In particular, even if jets are powered by the rota-
tional energy of black holes, due to the uncertainties in
the source of the high-energy radiation, it is not clear a
priori how this radiation should depend on spin.
To investigate this issue, we take fully three-
dimensional GRMHD simulations with different black
hole spins. We perform radiative transfer calculations
with Comptonization to obtain the spectrum of radia-
tion with a focus on high-energy radiation resolved by
the region near the black hole. We restrict our atten-
tion to the low/hard state in XRBs, since it is widely
accepted that jets exist during this state (with tran-
sient jets launched during state transitions; Fender et al.
2004). Interestingly, although we find a strong spin de-
pendence for the high-energy power, this does not fol-
low the Blandford-Znajek (BZ) scaling. Furthermore,
the effects of spin are maximum for observers located
perpendicular to the spin axis of the black hole. We
show that the high-energy emission originates from very
close to the horizon, and the strong spin and viewing an-
gle dependence can be understood as a redshift effect.
While the X-ray power strongly depends on spin and
observer inclination, the near-infrared (NIR) emission
originates at larger radii and so is less sensitive to red-
shift effects. Therefore, for systems whose inclination
angles are known, the ratio of X-ray to NIR power in
the low/hard state can potentially be used to estimate
spin. Since the black hole spin does not vary between
the low/hard and high/soft states, this ratio would com-
pliment measurements of spin in the high/soft state (see
e.g., McClintock et al. 2011, for a review).
In Section 2 we briefly describe our GRMHD simu-
lations and radiative transport post-processing method.
In Section 3 we show the dependence of radiated power
on spin and calculate the effects of redshift. In Section 4
we summarize and discuss our findings.
2. MODEL
Radiatively inefficient accretion flows (RIAFs) have
been used extensively to model low luminosity systems
such as the low/hard state in XRBs (see e.g., Narayan
& McClintock 2008; Yuan & Narayan 2014). For RI-
AFs, by definition, the cooling time of a fluid element is
much longer than the accretion time. Therefore, radi-
ation is dynamically unimportant and the evolution of
the disk/jet can be calculated using the non-radiative
GRMHD equations. This allows a separation between
the dynamical simulations and radiative transport post-
processing of the simulation results. We use the HARM
code (Gammie et al. 2003), which solves the GRMHD
equations using a conservative, shock-capturing scheme.
For our purposes, we choose five MAD accretion
flows with spins a = {0.1, 0.2, 0.5, 0.9, 0.99} (these
are A0.1N100, A0.2N100, A0.5N100, A0.9N100, and
A0.99N100 from McKinney et al. 2012). In these mod-
els, the black hole magnetosphere compresses the inner
accretion disk such that it becomes geometrically thin
and the magneto-rotational instability is suppressed.
These MAD models efficiently extract rotational energy
from the black hole via the BZ mechanism, launching
jets along the spin axis (Tchekhovskoy et al. 2011; McK-
inney et al. 2012). Estimates of the jet power, based on
integrating fluid energy fluxes (dominated by the Poynt-
ing flux), show that the power scales as expected for the
BZ mechanism (with corrections for high spins and disk
thickness; Tchekhovskoy et al. 2012). However, such es-
timates are based solely on the dynamical properties of
the fluid, and so the radiated power must be calculated
in order to compare with observations.
Since we limit our analysis to the low/hard state in
XRBs, we choose a black hole mass of 10M, and ac-
cretion rate of M˙ = 10−5M˙Edd. Such a low accretion
rate ensures that the flow is radiatively inefficient (see
e.g., Narayan & McClintock 2008). The Eddington ac-
cretion rate, M˙Edd, is defined to be the mass accre-
tion rate at which a disk with radiative efficiency 0.1
would radiate at the Eddington luminosity LEdd. That
is, M˙Edd c2 = 10LEdd (Narayan & McClintock 2008).
Although radio emission is expected to originate in the
jet at large radii, computational limitations force us to
restrict our analysis to the inner r ≈ 200 rg, where
rg = GM/c2 is the gravitational radius. While the setup
we use can not properly capture radio emission, the NIR
to high-energy emission (ν & 1013Hz) is dominated by
regions close to the black hole, and so setting the bound-
ary to r = 200 rg has little effect on our results at these
frequencies.
As discussed in O’ Riordan et al. (2016), the centre
of the highly-magnetized, low density funnel can be-
come artificially dense and hot due to the introduction
of numerical density floors. We therefore remove this
floor material by setting the density to zero in regions
where b2/ρ > ζ. Here, ρ is the rest mass density, and
b2 = bµbµ, where bµ is the magnetic 4-field. The mag-
netic 4-field can be written in terms of the 3-field Bi as
bµ = hµν Bν/ut, where hµν = δµν + uµuν is a projection
tensor, uµ is the fluid 4-velocity, and B0 = 0. We choose
ζ = 20 at the horizon, and linearly interpolate to ζ = 10
at r = 10. For r > 10, we simply set ζ = 10. This
interpolation happens to ensure that the injected floor
material is accurately removed, without unnecessarily
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Figure 1. Integrated power vs spin for observer viewing
angles of θ = 0 (parallel to the spin axis), θ = pi/4, and
θ = pi/2 (perpendicular to the spin axis). The dashed line
corresponds to the BZ scaling P ∼ a2. The dependence of
the radiated power on spin clearly deviates significantly from
this scaling. Interestingly, the effects of spin are strongest
for observers located perpendicular to the spin axis, with a
difference of more than two orders of magnitude in power
between the a = 0.1 and a = 0.99 cases.
removing material very close to the black hole which
can naturally become highly magnetized.
We calculate spectra using the same general relativis-
tic radiative transport code as in O’ Riordan et al.
(2016), which is based on the freely available grmonty
(Dolence et al. 2009). This code uses the fluid data as
input, and calculates the spectra assuming synchrotron
emission, self-absorption, and Compton scattering from
a Maxwell-Jüttner distribution of electrons. We assume
a constant proton-to-electron temperature ratio Tp/Te.
However, since differences in density and magnetization
in the disk and jet can lead to different cooling rates for
the electrons (Ressler et al. 2015; Foucart et al. 2015),
we allow this temperature ratio to vary independently in
these regions. In our models, the X-rays are dominated
by the highly-magnetized inner disk (which is nearly in-
distinguishable from the jet base) and so varying Tp/Te
independently in the disk and jet has a negligible effect
on the high-energy radiation in this case. Therefore, we
simply choose a constant ratio of Tp/Te = 30 everywhere
(we find the same dependence of the radiated power on
spin with Tp/Te = 3 and Tp/Te = 10).
3. RESULTS
3.1. Radiated Power
In Figure 1 we show the time-averaged radiated power
(frequency integrated between 1013 – 1024Hz) for dif-
ferent spins and viewing angles. In what follows, any
time averaging corresponds to the quasi-steady state be-
tween t = 10000 rg/c and t = 14000 rg/c, with steps of
∆t = 400 rg/c. We investigated the stability of this av-
eraging in the extreme case of a = 0.99. Firstly, we
doubled our time resolution between t = 10000 rg/c and
t = 14000 rg/c. We also increased our averaging win-
dow to t = 18000 rg/c, and found identical results in all
cases.
For observers located parallel to the spin axis (θ = 0),
there is a difference of approximately one order of mag-
nitude between the a = 0.1 and a = 0.99 cases. This dif-
ference increases to more than two orders of magnitude
for observers perpendicular to the spin axis. Interest-
ingly, the dependence of the radiated power on spin is
significantly different from the BZ scaling. As we show
below, the origin of this discrepancy is that the emission
in our MAD models is dominated by the inner disk, very
close to the black hole horizon. The strong dependence
on spin and viewing angles can be understood as a some-
what surprising redshift effect.
For any fluid quantity Q, we define the density-
weighted, shell-average 〈Q〉ρ to be
〈Q〉ρ =
∫
dAρQ∫
dAρ (1)
where dA = √−g dxθdxφ, and g = det (gµν) is the met-
ric determinant. In all our models, the Compton y pa-
rameter is y . 1, and so, to a good approximation,
we can show the effects of spin on the power by treat-
ing synchrotron emission alone. For a thermal electron
distribution, the (comoving) synchrotron power scales
as Psyn ∼
∫
dV nB2Θ2, where dV = √−g dxrdxθdxφ,
n is the electron number density, B is the magnetic
field strength, and Θ = kTe/mc2 is the dimensionless
electron temperature. In Figure 2 we show the time-
averaged
〈
nB2Θ2
〉
ρ
, which is proportional to the syn-
chrotron emissivity νjν (where jν has units of erg cm−3
s−1 ster−1 Hz−1; Rybicki & Lightman 1979).
Clearly, the emissivity is a strong function of r, and
increases towards the black hole due to the increase in
magnetic energy density and compression by the mag-
netosphere. Furthermore, the emissivity profiles are
roughly independent of spin. This is likely a conse-
quence of the MAD state. McKinney et al. (2012);
Tchekhovskoy et al. (2012) showed that in MAD accre-
tion flows the magnetic flux saturates near the horizon,
depending only weakly on spin (∼ 20% difference be-
tween the a = 0 and a = 1 simulations). Therefore,
for a fixed disk angular thickness, black hole mass and
accretion rate, we expect the profile of B2 to be the
same for different spins. Close to the black hole, the
fluid properties are determined by an approximate force
balance between the inner magnetosphere and the ther-
mal and ram pressures (McKinney et al. 2012), and so
this explains why the fluid properties are also roughly
independent of spin.
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The bottom panel shows the (comoving) synchrotron
power Psyn(r) ∼
∫ r
rH
dV nB2Θ2. It is clear from this
plot that the radiated power is dominated by the near
horizon region. The synchrotron emissivity profiles are
independent of spin, and so the increase in power is sim-
ply a consequence of the decreasing horizon radius (from
r = 2 rg to r = 1 rg as the spin increases from a = 0 to
a = 1). However, since the difference in power is due to
radiation from r . 2 rg, it will be strongly gravitation-
ally redshifted and so it is not immediately obvious that
this effect is observable. In order to check that this is in
fact the reason for the spin dependence in Figure 1, we
must estimate the observed power. That is, we must ac-
count for the effects of redshift (both gravitational and
Doppler).
Interestingly, as we explain in Section 3.2, redshift ef-
fects naturally explain the dependence on spin and view-
ing angle. In particular, for rapidly rotating black holes,
frame dragging ensures that photons received by ob-
servers located at θ = pi/2 suffer little net redshift until
very close to the horizon. In this case, there is little dif-
ference between the comoving and observed power, and
so these observers see a very large increase in radiated
power with spin. Although this effect is largest for ob-
servers perpendicular to the spin axis, observers located
parallel to the spin axis should also see an increase in
power due to the fact that the radius of the event horizon
(i.e., the infinite redshift surface) decreases with spin.
3.2. Redshift
We consider the Kerr spacetime with metric gµν in
Boyer-Lindquist coordinates. We define the redshift fac-
tor to be the ratio of the energy at infinity to the energy
in the rest frame of the fluid
R = E∞
E
= ξ
µpµ
uµpµ
= pt
uµpµ
(2)
Here, uµ is the fluid 4-velocity, pµ is the photon 4-
momentum, and ξµ = δµt is the Killing vector associated
with stationarity. Since pt is conserved along geodesics,
all the above quantities can be measured at the location
of the emitting fluid element.
In Figure 3, we show the numerically calculated red-
shift profiles for different spins and viewing angles. For a
given spin and viewing angle, this calculation shows the
average redshift experienced by a photon as a function
of r. The top panel shows the redshift factor for an ob-
server with θ = 0. Close to the black hole, the θ velocity
is negligible and so Doppler boosting is unimportant for
these observers. Therefore, for a = 0.1, the redshift fac-
tor is almost identical to the Schwarzschild case. More
accurately, for observers located at θ = 0, the redshift is
given by the lapse function α =
√−gtt + Ω2gφφ, where
Ω = −gtφ/gφφ is the angular velocity of a “zero angu-
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Figure 2. Time- and shell-averaged nB2Θ2, weighted by
the density. This quantity is proportional to the total syn-
chrotron emissivity. The bottom panel shows nB2Θ2 in-
tegrated over volume with the integral taken between the
horizon and r. This quantity is proportional to the total
synchrotron power. It is clear that the (comoving) radiated
power is dominated by the near horizon region.
lar momentum observer” (ZAMO; Bardeen et al. 1972;
MacDonald & Thorne 1982). Note, however, thatR = α
only if χµpµ = pφ = 0, where χµ = δµφ is the Killing vec-
tor associated with axisymmetry (see Appendix A for
details). Importantly, although these profiles are iden-
tical at large radii, they deviate from each other close
to the black hole since the horizon radius decreases with
spin.
The bottom panel shows the redshift factor for ob-
servers with θ = pi/2. These profiles are strikingly dif-
ferent from the θ = 0 case. In particular, due to a
combination of frame dragging and Doppler boosting,
photons suffer little net redshift until very close to the
horizon. Observers located at θ = pi/2 see deeper into
regions of higher emissivity. This naturally explains the
large difference in observed power between the θ = 0
and θ = pi/2 inclinations.
While these calculations use model-dependent fluid
data as input, we show in Appendix A that the flat-
tening of the redshift profile with spin is in fact a very
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Figure 3. Redshifts for different spins and viewing angles
(a) : θ = 0, (b) : θ = pi/2. These were calculated numerically
from snapshots of the GRMHD data. The redshift profiles
are much flatter for observers with θ = pi/2. That is, photons
received by these observers suffer little net redshift until very
close to the horizon. Observers with θ = pi/2 see much deeper
into the inner disk than observers with θ = 0.
general feature of rotating black holes. That is, the red-
shift profiles depend only weakly on the details of the ac-
cretion model, with the main contributions being black
hole spin and observer viewing angle. Therefore, for sys-
tems in which the comoving power is dominated by fluid
close to the horizon, we expect the high-energy emission
to be a robust signature of spin and viewing angle.
3.3. Spectra and Observational Signatures of Black
Hole Spin
In Figure 4 we show spectra for different spins and
viewing angles, calculated from snapshots of the fluid
data. In the top panel, we show spectra for observers
with θ = pi/2, which maximizes the effects of spin. For
the a = 0.1 case, the synchrotron emission peaks in the
optical, while for the a = 0.99 case this peak increases
to the X-rays. There is also clear γ-ray emission due to
inverse Compton scattering, which becomes more pro-
nounced with increasing spin. Interestingly, the NIR
emission is roughly constant with spin while the high-
energy radiation, namely the X-rays and γ-rays, vary
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Figure 4. The top panel shows spectra for observers with
θ = pi/2, calculated from snapshots of the fluid data. The
NIR emission is roughly constant with spin while the X-rays
and γ-rays vary significantly. The bottom panel shows the
dependence on viewing angle for the a = 0.9 case. Both the
luminosity and frequency of emission increase with viewing
angle.
significantly with spin. The bottom panel shows the
effects of varying observer inclination in the a = 0.9
case. Both the total luminosity and frequency of the
peak emission increase with viewing angle. Interestingly,
there is little difference between the θ = 0 and θ = pi/4
inclinations (see also Figure 1), however the luminosity
increases by roughly an order of magnitude between the
θ = pi/4 and θ = pi/2 cases.
As with the total radiated power, the dependence of
the spectra on spin and viewing angle can be under-
stood as a simple consequence of the emission radius.
In Figure 5 we show
〈
BΘ2
〉
ρ
as a function of radius and
spin. This quantity is proportional to the characteristic
synchrotron frequency and so, as with the total radiated
power, we expect the frequency of emission to increase
towards the horizon. For higher spins and inclinations,
observers receive radiation from smaller radii and there-
fore higher frequencies. Lower frequency photons come
from larger radii and so are less sensitive to redshift
effects, therefore the low-frequency power should vary
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Figure 5. Time- and shell-averaged BΘ2, weighted by the
density. This quantity is proportional to the characteristic
synchrotron frequency. The high-energy emission is domi-
nated by the near horizon region.
less with spin and viewing angle. Furthermore, since the
emission is dominated by the near horizon region, we ex-
pect the lightcurves to show significant variability over
short timescales (∼ few rg/c). We also expect the high-
frequency emission to vary over shorter timescales than
the low-frequency emission, with a factor of ∼ few differ-
ence between the NIR and X-ray variability timescales.
In Figure 6 we show the (time averaged) ratio of the
X-ray (integrated between 1016 – 1019 Hz) to NIR (in-
tegrated between 1013 – 1014 Hz) power. As expected,
this ratio depends very strongly on viewing angle and
spin. Therefore, for systems whose inclination angle is
known, especially those with large inclinations, the ra-
tio PX/PNIR is a strong signature of spin. The black
hole spin likely does not vary significantly between the
low/hard and high/soft states, and so this ratio poten-
tially compliments measurements of spin in the high/soft
state. Since the synchrotron frequency depends rea-
sonably weakly on our choice of mass accretion rate
(νsyn ∼ M˙1/2; see Appendix B), we expect this ratio
to be a robust signature over a range of accretion rates.
3.4. Retrograde Spin
For comparison with Figure 1, in Figure 7 we show
the integrated power vs spin for retrograde spins a =
{−0.2,−0.5,−0.9}. As in the prograde case, the radi-
ated power increases with spin and this effect is largest
for observers perpendicular to the spin axis. Interest-
ingly, the total radiated power is lower in the retrograde
case than in the prograde case. This is likely due to
the fact that prograde black holes trap more magnetic
flux close to the horizon than retrograde black holes
(Tchekhovskoy & McKinney 2012). Our results show
a difference of a factor of ∼ 3 between the a = −0.9
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Figure 6. Ratio of the X-ray power to the NIR power for
different spins and viewing angles. For large inclinations,
this ratio depends very strongly on spin.
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Figure 7. Integrated power vs spin for retrograde spins. The
total radiated power is lower in the retrograde case than the
prograde case due to a combination of redshift and the fact
that less magnetic flux is trapped in the retrograde case.
and a = 0.9 cases, which is consistent with the findings
of Tchekhovskoy & McKinney (2012). Importantly, al-
though the radiated power is not completely symmetric
with spin, there is clearly a degeneracy between the pro-
grade and retrograde cases. Therefore, while the ratio
of the X-ray to NIR power discussed in Section 3.3 is an
observational probe of spin, more information would be
required to distinguish between prograde and retrograde
spins.
3.5. Misalignment Between Jet/Disk and Spin Axis
In the models considered so far, the disk angular mo-
mentum axis is aligned perpendicular to the black hole
spin axis, while the jet points along the spin axis. In
principle, however, the accreting plasma can have an ar-
bitrary angular momentum axis. McKinney et al. (2013)
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Figure 8. Observed integrated power (as a fraction of un-
tilted power) vs relative tilt angle. Since the emission is dom-
inated by the near horizon region, for small misalignments
there is little deviation from the untilted case.
studied systems in which there is a misalignment be-
tween the disk/jet and the black hole spin axis. They
reported a “magneto-spin alignment” mechanism which
tends to align disks and jets with the rotation axis at
small radii. Therefore, since the emission in our models
is dominated by the near horizon region, we expect our
results to be robust to minor misalignments.
In Figure 8 we show the integrated power vs rel-
ative tilt angle for the a = 0.9 case, with the ob-
server located perpendicular to the spin axis. The rel-
ative tilt angle, θtilt, is defined to be the angle be-
tween the spin axis and the disk’s angular momentum
axis at large distances. The tilt angles (in radians) are
θtilt = {0.0, 0.15, 0.3, pi/2}. There is a factor ∼ 2.5 dif-
ference in the observed power between the untilted and
θtilt = 0.3 rad cases, and a difference of ∼ 5 between the
untilted and fully tilted (θtilt = pi/2 rad) cases. We also
considered a small tilt of θtilt = 0.15 rad for the extreme
case of a = 0.99, and found a difference of < 2 between
the untilted and tilted models. Therefore, we expect our
results to be valid for systems with minor misalignments
between the disk/jet and the black hole spin axis.
4. SUMMARY AND DISCUSSION
In this work, we calculated the effects of spin on high-
energy emission from the low/hard state in XRBs. We
modelled the low/hard state as a MAD accretion flow,
and investigated both prograde retrograde spins. We
found that the X-ray power strongly depends on spin
and observer inclination. In particular, the spin de-
pendence is strikingly different from the BZ dependence
expected for jet emission. In our models, the X-rays
are dominated by the inner disk, and the strong depen-
dence on spin and viewing angle can be understood as
a redshift effect. For high spins and inclination angles,
observers receive photons from smaller radii and there-
fore regions of larger synchrotron emissivity. Since the
high-energy emission originates close to the horizon, it is
more sensitive to spin than the low-energy emission that
originates from larger radii. We identified the ratio of
the X-ray power to NIR power as an observational sig-
nature of spin. This quantity could potentially be used
to estimate spin, and would compliment measurements
of spin based on observations in the high/soft state.
While we expect this ratio to be particularly useful
in systems with large inclinations, in general, its depen-
dence on quantities such as the viewing angle introduces
significant degeneracy. Therefore, by itself, this ratio
can not uniquely determine the black hole spin. How-
ever, since the high-energy spectrum in the low/hard
state is clearly sensitive to both spin and viewing angle,
it may be possible to use more features of the spectrum
to constrain these quantities. In particular, following
the approach of the continuum-fitting (CF) and Fe line
methods (e.g., McClintock et al. 2011), one could build
up models of high-energy spectra for different spins and
inclinations and, for a given observational spectrum, find
the best χ2 fit. This new approach could potentially
cross-validate existing methods based on fitting obser-
vations in the high/soft state. A disadvantage of this
method is that it can not easily distinguish between pro-
grade and retrograde spins. Both the CF and Fe line
methods use the ISCO, which is monotonic with spin.
The method described here relies on the horizon radius
and the effects of redshift and so is more symmetric with
spin. Therefore, more information would be needed to
break the degeneracy between retrograde and prograde
spins.
The dependence of the high-energy power on spin is
due to the combination of two main components, the
redshift and synchrotron emissivity profiles. Interest-
ingly, the behaviour of the redshift is in fact a very gen-
eral feature of rotating black holes, and is largely inde-
pendent of the details of accretion. On the other hand,
the emissivity itself is a model-dependent quantity. Our
results rely on the fact that the comoving synchrotron
power in our MAD models is strongly dominated by the
near horizon region. The observed high-energy radia-
tion should therefore be highly variable on timescales of
the order of a few light crossing times. Furthermore, we
expect the variability timescale for the lower frequency
emission to be longer since this originates at larger radii.
The spectra shown in Figure 4 are consistent with the
basic observed X-ray hardness/flux relations for XRBs
in the low/hard state (Fender et al. 2004). The time-
averaged X-ray hardness ratio (defined to be the ratio
of the flux at 6.3–10.5 keV to the flux at 3.8–7.3 keV;
Fender et al. 2004; Belloni et al. 2005) varies between
0.7 and 0.9, with higher spins slightly softer than lower
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spins. The luminosities in the low spin cases are likely
somewhat lower than expected for the low/hard state,
and are probably more consistent with the so-called qui-
escent state (e.g., Remillard & McClintock 2006). How-
ever, this is not a serious issue. As we show in Ap-
pendix B, small changes in the accretion rate can sig-
nificantly increase the total luminosity without greatly
affecting the frequency of emission. Therefore, increas-
ing the luminosity would not change our conclusions re-
garding the scaling in Figure 1 or the ratio PX/PNIR in
Figure 6.
Mościbrodzka et al. (2009) considered the effects of
spin and viewing angle on radiation from non-MAD
(called SANE in Narayan et al. 2012) accretion flows in
the context of Sgr A*. Interestingly, while they found
that the X-ray flux increases dramatically with both spin
and observer inclination, they attribute this dependence
to a different effect than the one described here. In their
models, the X-ray emission is produced by scattering
from hot electrons at r = rISCO, and so the dependence
on spin manifests itself in a very similar manner to thin
disks (see e.g., McClintock et al. 2011). In our models,
by contrast, most of the observed high-energy radiation
originates from right outside the horizon, with the ISCO
playing no special role. This can likely be attributed to
the fact that the disks considered here are geometrically
thicker, and so the density does not drop off significantly
inside the ISCO. Therefore, the our results are probably
more relevant for low luminosity, radiatively inefficient
systems, in which the disk is expected to be geometri-
cally thick.
Furthermore, our work improves upon this study in
two major areas. Firstly, our simulations are fully 3D,
which is required to avoid decaying turbulence and reach
a well defined steady state (Cowling 1933; Sa¸dowski
et al. 2015). Axisymmetric simulations can not reliably
capture the effects of spin, since the resulting radiation
will be influenced by the extent to which the spin has
affected the flow by the time the turbulence decays. Sec-
ondly, in MADmodels, the final amount of magnetic flux
at the horizon is independent of the initial flux content
of the torus, which in SANE models can artificially in-
troduce a spin dependence (Tchekhovskoy & McKinney
2012; Tchekhovskoy et al. 2012). Therefore, MAD mod-
els are more reliable for studying the effects of spin on
the high-energy radiation.
While our calculations apply to MAD accretion flows
in the low/hard state, the redshift effects described here
might also be important when considering thin MADs
in the high/soft state. Avara et al. (2015) demonstrated
an 80% deviation from the standard Novikov-Thorne
radiative efficiency, with most of the radiation coming
from at or below the ISCO. As shown here, for rapidly
spinning black holes, radiation from small radii is very
strongly affected by variations in spin and viewing angle.
Therefore, if the radiation from thin MADs originates at
smaller radii than expected for standard thin disks, this
could have important implications for measurements of
spin in the high/soft state.
Our analysis was carried out for a black hole mass
of M = 10M. However, since the relevant length
and time scales are set by M , we can scale our re-
sults to arbitrary masses as follows. Assuming that
the accretion rate is a fixed fraction of the Eddington
rate M˙ ∼ M˙Edd ∼ M , from Appendix B we find that
n ∼ M−1, B ∼ M−1/2, and Θ ∼ M0. These rela-
tionships can be used to scale the spectral features in
Figure 4 to supermassive black holes. Importantly, how-
ever, this scaling is only appropriate for systems which
are well described by RIAFs. Therefore, our results
are potentially relevant for accreting supermassive black
hole systems such as Sgr A* and low luminosity sub-
classes of AGN such as LINERS and BL Lac objects (see
e.g., Yuan & Narayan 2014). Although BL Lacs (and
blazars in general) have jets roughly aligned with the ob-
server, at small radii there could be a misalignment be-
tween the jet and spin axes (see Section 3.5). Such a mis-
alignment could significantly enhance the high-energy
emission from close to the black hole, leading to the
intriguing possibility that near-horizon emission is re-
sponsible for the short-timescale variability observed in
these systems (e.g., Aharonian et al. 2007; Albert et al.
2007; Aleksić et al. 2011; Ackermann et al. 2016).
The current work is somewhat limited by the assump-
tion of a thermal distribution of electrons. The highly-
magnetized inner disk region could contain a significant
number of non-thermal particles due to acceleration by
magnetic reconnection (e.g., Sironi & Spitkovsky 2014).
However, thermal electrons might dominate emission
from near the horizon, as has been sufficient to explain
the low-hard like state in Sgr A* and M87 (Dexter et al.
2012; Broderick et al. 2014; Broderick & Tchekhovskoy
2015). Furthermore, different prescriptions for treating
the electron temperature might reduce the dominance of
emission from the inner disk and instead “light up” the
funnel wall region (e.g., Mościbrodzka & Falcke 2013;
Mościbrodzka et al. 2014). These prescriptions usually
separate the jet and disk based on b2/ρ or the plasma
β. In our models, the inner disk is highly magnetized
and so differentiating between the jet and disk based on
the magnetization alone would in fact treat the inner
disk region in a similar manner to the jet. The treat-
ment of the electron physics in accretion disks and jets
remains an active area of research, and we will apply
our results with new models of electron physics as they
become available.
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APPENDIX
A. EFFECTS OF SPIN ON THE REDSHIFT PROFILES
A.1. Analytic Expression for the Redshift Factor
To understand the dependence of the redshift factor on spin, we focus on the simple case of circular motion in the
r–φ plane. In what follows, we denote quantities in the coordinate (lab) frame with no primes on the index, in the
orthonormal “zero angular momentum observer” (ZAMO) frame with one prime, and in the orthonormal fluid frame
with two primes. The Killing vectors associated with stationarity and axisymmetry are ξµ = δµt , and χµ = δ
µ
φ . For
circular motion, the 4-velocity can be written as uµ = ut
(
ξµ + vφχµ
)
, where vφ = uφ/ut. The condition that the
4-velocity be timelike, gµνuµuν = −1, gives
ut =
(
−gtt − 2gtφvφ − gφφ
(
vφ
)2)−1/2 (A.1)
Defining Pi = pi/pt , we can write the redshift for circular motion as (Cunningham & Bardeen 1972, 1973; Fanton
et al. 1997)
R = 1
ut (1 + vφ Pφ) (A.2)
The photon 4-momentum is a null vector and so, in the fluid frame, we have
P2r′′ + P2θ′′ + P2φ′′ = 1 (A.3)
Therefore, Pφ′′ is bounded by ±1, corresponding to photons emitted in the ∓φ directions. The ZAMO and fluid
frames are simply related by a Lorentz transformation, and so
Pφ′ = Pφ
′′ − vφ′
1− vφ′ Pφ′′ (A.4)
The transformations from the Boyer-Lindquist coordinate basis to the orthonormal ZAMO basis are given by Bardeen
et al. (1972)
eν′ = eµν′ ∂µ, eν
′
= eµν
′
dxµ (A.5)
The only non-zero components are
ett′ = 1/α, err′ = 1/
√
grr, e
θ
θ′ = 1/
√
gθθ, e
φ
φ′ = 1/
√
gφφ, e
φ
t′ = Ω/α (A.6)
et
t′ = α, err
′
= √grr, eθθ′ = √gθθ, eφφ′ = √gφφ, etφ′ = −Ω√gφφ (A.7)
where
Ω = − gtφ
gφφ
, α =
√
−gtt + Ω2gφφ (A.8)
Transforming from the ZAMO frame to the coordinate frame gives
Pφ =
√
gφφ Pφ′
α− Ω√gφφ Pφ′ (A.9)
vφ = α√
gφφ
vφ
′
+ Ω (A.10)
Finally, the redshift for circular motion is given by equation (A.2), with Pφ related to the fluid frame Pφ′′ by equations
(A.4) and (A.9), and vφ related to the ZAMO frame vφ′ by equation (A.10).
In the special case of a source with zero angular momentum, vφ′ = 0⇒ vφ = Ω, and equation (A.2) becomes
R = α− Ω√gφφ Pφ′ (A.11)
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Figure A1. Redshifts for a source with vφ = Ω (equation A.11). (a) : a = 0.1, (b) : a = 0.2, (c) : a = 0.5, (d) : a = 0.9.
(e) : a = 0.99, (f) : a = 1.0. For high spins, photons emitted in the φ direction in the ZAMO frame suffer little redshift until
very close to the horizon.
which is simply the transformation pt = etν
′
pν′ . In Figure A1 we show the redshift for a ZAMO (equation A.11), as
a function of Pφ′ , for different spins. For high spins, photons emitted in the φ direction (those with Pφ′ = −1) suffer
little redshift until right outside the horizon. In fact, for a maximally spinning black hole, R → 1 as r → rH . On
average, observers with θ = pi/2 receive photons with larger φ momentum than observers located at θ = 0. Therefore,
observers perpendicular to the spin axis experience a flatter redshift profile and so see closer to the horizon.
A.2. Dependence on the Fluid Velocity
In general, the fluid will have a non-zero φ velocity in the ZAMO frame. In Figure A2 we show vφ′ for different models
from McKinney et al. (2012). We give the velocity in units of the Keplerian speed vK = 1/
√
r. The “thinnermadx”
models are those considered here (where the number x gives the spin), while the “thickdisk7” and “nonmad” models
are the MAD and SANE models considered in O’ Riordan et al. (2016). These models have a = 0.9375 and a = 0.92,
respectively. In all models, the φ velocity is approximately a constant fraction of the Keplerian speed until close to
the horizon (where vφ′ → 0 since vr′ → 1 in this frame). Motivated by this, we choose vφ′ to be proportional to vK ,
and set vφ′ = 0 at the horizon with a smooth transition at r = rISCO. In Figure A3 we show the effects of varying vφ
′
for a black hole with a = 0.9. The difference between the observed and comoving power is a factor of R2. Therefore,
for photons emitted in the φ direction in the fluid frame, the φ velocity contributes to a maximum factor of ∼ 3. Since
observed photons will have a spread of Pφ′′ , the average difference in power will likely be much smaller than this.
To test the sensitivity of the redshift factor to the accretion model, we numerically calculate redshift profiles for the
“thinnermad9”, “thickdisk7”, and “nonmad” models. These have similar spin, but have different velocity fields (see
Figure A2 for the φ velocity). In Figure A4 we show the radial velocity profiles. The radial velocities are comparable
in the MAD models, however these differ significantly from the SANE case. In Figure A5 we show the redshift profiles
from the different models, for observers located at θ = 0 and θ = pi/2. The θ = pi/2 case should maximize potential
deviations. Despite differences in the fluid velocity, the resulting profiles are remarkably similar. In particular, the
redshift is reasonably flat until very close to the horizon. Therefore, we conclude that the model-dependent velocity
contribution to the described redshift effect is minor, while the main contributions are the spin and viewing angle.
12 O’ Riordan, Pe’er, & McKinney
1 2 3 4 5 6 7 8 9 10
r / rg
0.0
0.2
0.4
0.6
0.8
1.0
v
φ
′ /
v K
thinnermad0
thinnermad5
thinnermad9
thinnermad99
thickdisk7
nonmad
Figure A2. vφ′ in units of vK for different accretion models. The SANE model is roughly Keplerian, while the MAD models
are all sub-Keplerian. The velocity is approximately a constant fraction of the Keplerian speed until close to the horizon. In
the lab frame, frame dragging forces the fluid rotate with vφ → ΩH as r → rH .
B. DEPENDENCE OF THE RADIATED POWER ON THE ACCRETION RATE
The GRMHD simulations are scale free, however, introducing radiation forces us to specify length, time, and
mass/energy scales. The length and time scales are set by the black hole mass M . These are the gravitational
radius rg, and light crossing time tg = rg/c. Since the fluid mass is  M , we set the mass/energy scale via the mass
accretion rate
M˙ =
∣∣∣∣∫ dAρur∣∣∣∣ (B.1)
For some constant µ, we can write this in terms of the Eddington rate as M˙ = µ M˙Edd. Therefore, for a fixed black
hole mass, the rest mass density scales with the accretion rate as ρ ∼ µ. Since energy densities scale in the same sense
as ρc2, we immediately find n ∼ µ, B ∼ µ1/2, and Θ ∼ µ0. The last relation follows from the fact that, for a perfect
fluid, Θ ∼ u/ρc2, where u is the internal energy density. Finally, the synchrotron emissivity scales with the accretion
rate as nB2Θ2 ∼ µ2, and the synchrotron frequency scales as BΘ2 ∼ µ1/2.
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Figure A3. Redshifts for a source with a = 0.9, and vφ′ =  vK . We set vφ
′ = 0 at the horizon, with a transition at r = rISCO.
(a) :  = 0.0, (b) :  = 0.2, (c) :  = 0.6, (d) :  = 1.0.
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Figure A4. Radial velocity in the ZAMO frame for the MAD and SANE models with similar spin. The radial velocities are
comparable in the MAD case, but the velocity profile is significantly different in the SANE case.
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Figure A5. Redshift profiles for different accretion models. The observer is located at (a) : θ = 0, (b) : θ = pi/2. Although
these models have different velocity fields, the resulting redshift profiles are similar. In particular, for θ = pi/2 the profiles are
reasonably flat until close to the horizon. Therefore, the contributions from spin and viewing angle are more important than
the model-dependent fluid velocity.
